Abstract-We demonstrate a novel self-holding function of a magneto-optical waveguide switch. The switching state is flipped by a pulsed current and maintained without any power supply by virtue of the nonvolatility of the thin-film magnet. Extinction ratios up to 15.4 dB were demonstrated. The switch state was controlled by a 1-µs pulsed electrical current.
I. INTRODUCTION

G
ROWTH of smartphones, movie streaming, and cloud services significantly increases internet traffic. Photonic network systems have been developed to support a large amount of traffic, and to increase capacity and reduce power consumption. Conventional approaches to increasing symbol rate and number of wavelength channels reach the fundamental limits of Shannon's theorem and fiber fuse. Thus, flexible and efficient optical path networking methods such as applying optical cross-connect systems have been intensively investigated [1] , [2] . Optical switches become more important where small size and low power consumption, rather than highspeed operation are required. Current-driven optical switches are realized with a small footprint using the thermo-optic effect and carrier injection in semiconductors. However, these switches consume a great deal of power to maintain the switch state [3] - [6] . Although voltage-driven optical switches can operate with low power consumption, mirror-switch-based micro electro mechanical systems with free-space optics and electro-optical switches based on lithium niobate have large device size [7] , [8] .
In this letter, we propose a novel magneto-optical (MO) switch with self-holding operation, for which we define the switch state to be maintained without any power supply. Such optical switches have been reported with a phase-change material [9] and floating gate transistor waveguide [10] . However, they have fundamental limitation of rewriting times. Proposed optical switching is realized using the MO effect of the MO garnet, combined with thin-film magnets whose magnetization is controlled by a pulsed current. There is no limitation of rewriting times in magnetization only controlled by the magnetic field without heating. Ultra-low power consumption is possible in network systems with relatively low switching frequency. Additionally, small footprints can be expected when using silicon photonic waveguides.
II. SELF-HOLDING MAGNETO-OPTICAL SWITCH
A. Device Structure See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and under-cladding layers, respectively. Thin-film magnets of FeCoB and silver electrodes are formed above the waveguide on a SiO 2 over-cladding layer. The device consists of a Mach-Zehnder interferometer (MZI) composed of two 3-dB directional couplers, a path length phase shifter, and MO phase shifters. The 3-dB directional couplers split the input light wave at equal amplitudes into the two interferometer waveguide arms. The path length phase shifter gives +π/2 phase difference between the two arms. The MO phase shifters give a phase difference between the two arms based on a transverse MO Kerr effect in the lower cladding layer of Ce:YIG with magnetizations aligned in anti-parallel directions. A magnetic field is applied to the Ce:YIG by the residual magnetization of the thin-film magnets. When the applied magnetic field is directed inward, the MO phase shifters provide a −π/2 phase difference. As a result, the total phase difference becomes 0 and the light wave is output at the cross port. When the applied magnetic field is directed outward, the phase difference provided by the MO effect becomes +π/2. Thus, the total phase difference amounts to π and the light wave is output at the bar port. The magnetization of the thin-film magnet is controlled by a current flow in the silver electrode. The current flow induces a circular magnetic field around the electrode, as shown in Fig. 1(b) , which magnetizes the thin-film magnet along the magnetic field direction. The switching state is maintained by the residual magnetization of the thin film magnets, as shown in Fig. 1(c) . The electrode is patterned so as to induce a magnetic field in the anti-parallel direction in the two MZI arms. The current can be a short pulse, but one that is sufficient to flip the magnetization of the thin-film magnet.
B. Magnet Design
The thin-film magnet maintains the switching state in the MO phase shifters. The magnet should have not only a strong magnetization but also a relatively low coercive force, because the magnetization is flipped by a current-induced magnetic field. Here, we employ a soft magnetic material FeCoB [11] . Magnets are patterned as an array of strips above the waveguide, as shown in Fig. 2 . The long axis of each strip is set to be orthogonal to the waveguide because the magnetization of the magnet is easily aligned with the long axis because of shape anisotropy. Figure 3 shows the magnetization characteristics of Ce:YIG. When a magnetic field over 50 Oe is applied to the Ce:YIG, the magnetization is saturated. Therefore, the residual magnetization of the thin-film magnets has to be strong enough to induce the magnetic field. We designed the dimensions of the magnet strips as follows: long and short axis lengths, height, and distance between magnets were 20 μm, 5 μm, 150 nm, and 3 μm, respectively. Figure 4 shows the measured magnetization characteristics of the FeCoB magnet array fabricated using a facing-target sputtering method [12] . The blue and red lines show the magnetization characteristics of the easy and hard axis directions, respectively. These lines indicate that the magnets are magnetically anisotropic. The residual magnetization of the easy axis is 12.5 kG. We calculated that the magnets can give magnetic field of 38.5 Oe in the Ce:YIG layer with a distance of 1 μm, which is necessary to avoid optical absorption by the thin-film magnet. This value is not sufficient to saturate the Ce:YIG, and results in insufficient MO phase shifting, as described in the measurements for the optical switch.
C. Fabrication
A 500-nm-thick single-crystalline Ce:YIG layer was grown by an RF sputtering on a (Ca, Mg, Zr)-substituted gadolinium gallium garnet (SGGG) substrate. A 30-nm-thick SiO 2 layer was deposited on the Ce:YIG using plasma-enhanced chemical vapor deposition (PCVD) with tetraethyl-orthosilicate gas [13] . Then, a-Si:H layer was deposited using PCVD with SiH 4 gas. An a-Si:H waveguide pattern was formed using electron beam lithography and successive reactive ion etching with CF 4 , O 2 , and SF 6 gases. The waveguide height and width were 240 nm and 600 nm, respectively. An 800-nmthick SiO 2 over-cladding layer was deposited. Next, 150-nmthick FeCoB was deposited with a 10-nm-thick Ru buffer layer using an RF facing-targets sputtering method. The magnet was patterned using a lift-off process. After a 150-nm-thick SiO 2 cover layer was deposited, a 30-μm-wide and 500-nmthick silver electrode was deposited and formed using an evaporation process and a lift-off process. Figure 5 shows a microscope image of the fabricated optical switch. Thin-film magnets are patterned as an array of 20 μm× 5 μm strips. Although the required length of an MO phase shifter for providing ±π/2 phase difference was calculated to be ∼500 μm [14] , the longer length of 745 μm was used to operate the MO switch based on the unsaturated magnetization of Ce:YIG. The path length phase shifter was 13.58-μm-long, which provided π/2+40π so that some extinction peaks could be observed in the measurable wavelength range.
III. RESULTS AND DISCUSSION
A. Spectral Characteristics
First, we measured the wavelength characteristics of the fabricated device in a static manner. Figure 6 shows our experimental setup. The MO switch operates in the transverse magnetic (TM) mode of light because the MO phase shift is provided only in the TM mode. Light from an amplified spontaneous emission source was polarized to the TM mode and launched to the device under test. The output spectrum was measured using a spectrum analyzer. The electric current was injected and controlled by a variable voltage source via two micro-probes attached to the electrode. We applied a current ∼200 mA to the electrode for 1 s to magnetize the thinfilm magnet array. Several seconds after ceasing the current, we measured the transmission spectrum. Then, we applied a current in the opposite direction to flip the magnetization. Several seconds after ceasing the current, we measured the transmission spectrum again. Figure 7 shows the transmission spectra measured at the cross port for each magnetization direction after applying a current. Different optical transmittances were observed when flipping the magnetization direction. Results indicated that the switch state was changed by the applied current. A maximum extinction ratio of 15.4 dB was obtained at a wavelength of 1566 nm. Ideally, the maximum transmission is obtained for one state at the wavelength at which the other state shows minimum transmission. The measured result indicates that the obtained phase shift in the MZI was ∼0.15π, which is less than the designed value of π/2. This difference can be attributed both to residual magnetization of the thin-film magnet that is insufficient to saturate Ce:YIG and to insufficient MO phase shift due to dimensional errors in the waveguide structure. For example, the MO phase shift is decreased when the thickness of a-Si core or SiO 2 interlayer between a-Si and Ce:YIG is larger than the designed value. We believe these problems can be solved by improving the magnetic characteristics of the FeCoB and optimizing the structural design.
B. Pulse Response
We measured the temporal response of the device under pulsed-current driving. Figure 8 shows the experimental setup. Light from a tunable laser at a wavelength of 1562 nm was launched to the device under test. A pulse voltage of ±2 V amplitude and 1-μs width was applied to the electrode of the device at a repetition rate of 10 kHz by a function generator. The output light at the cross port was detected by a photodiode with an electrical gain amplifier; the temporal response was measured using an oscilloscope. The current was estimated to be 200 mA from the applied voltage and the measured DC resistance of electrode 10 . Although the maximum extinction was obtained at wavelengths of 1567 nm and 1570 nm as observed in Fig. 7 , the transmitted power was too low to measure the temporal response with our photodiode at the wavelengths. Figure 9 shows the measured results. We observed that the switch state was changed by applying the pulsed voltage and maintained after the voltage became zero. Because of the impedance mismatch of the electrodes, slight overshoot and undershoot of the applied voltage occurred. The spike response of the optical output was caused by the magnetic field generated by the current flowing in the electrode, which also affected the magnetization of the Ce:YIG layer. The slow tail of ∼100 μs after the spike was due to the electrical response of the gain amplifier in the photodiode used to compensate for weak optical output. The impedance mismatch caused insufficient current flowing into the device electrode, which resulted in less MO phase shift than that induced by a DC current. Although the extinction ratio was insufficient at this moment due to the choice of input light wavelength, the self-holding switching operation was successfully confirmed based on the stable output level after the transient response. We believe that this extinction ratio can be improved by adjusting the impedance of the electrode so as to match with high-frequency system as well as reducing dimensional errors.
IV. CONCLUSION
We demonstrated a novel self-holding function of the MO waveguide switch. The switch state was determined by the sign of the MO effect, which was maintained by the residual magnetization of the thin-film magnet and controlled by the magnetic field induced by the electrical current. Extinction ratios up to 15.4 dB were demonstrated. Additionally, the switch state was maintained after switching by a 1-μs pulsed electrical current.
